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PREFACE 

The Mathematical Physics Branch/Mission Planning and Analysis Divis ion has  t h e  
r e s p o n s i b i l i t y  t o  provide t he  func t iona l  ground navigat ion sof tware formulation 
requirements f o r  the  Mission Control Center (MCC) low-speed-processing phases 
during Operat ions P ro j ec t  S h u t t l e  (OPS). 

The ground navigat ion sof tware formulat ion requirements a r e  l o g i c a l l y  organized 
i n t o  volumes. This organiza t ion  is  presented i n  t he  accompanying t a b l e .  The ma- 
t e r i a l  i n  each volume p re sen t s  t h e  l e v e l  C formulation requirements of t h e  
processors  and modules required t o  process  low-speed-tracking da t a  and perform 
o r b i t  determinat ion and o the r  r e l a t e d  navigat ion computations. Each volume de- 
s c r i b e s  t he  formulation requirements of the  i d e n t i f i e d  processor  o r  module 
spec i f i ed  i n  t h e  OPS MCC Ground Navigation Program Level B Software document 
r e f .  1 . The inputs  and outputs  required t o  accomplish t he  func t ions  descr ibed 
a r e  s p e c i f i e d .  Flow c h a r t s  de f in ing  t h e  sequence of  mathematical opera t ions  and 
d i sp l ay  and con t ro l  processing required t o  s a t i s f y  the descr ibed func t ions  a r e  
included i n  t he  document where app rop r i a t e .  
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ACRONYMS AND ABBREVIATIONS 

BB batch-to-batch (DC processing mode) 

CMP 

DC 

DCM 

I / F  

M50 

covariance matrix processor 

d i f f e r e n t i a l  co r r ec t ion  

d i f f e r e n t i a l  co r r ec t ion  module 

i n t e r f a c e  

mean of 1950 coordinate  system 

SB superbatch (DC processing mode) 

STMM state t r a n s i t i o n  matr ix module 

Physical  Units 

f t  i n t e r n a t i o n a l  f e e t  

E . r .  Earth r a d i i  

s ec  SI seconds (second of  atomic time i n  the  i n t e r n a t i o n a l  system) 

h r  hours (3600 s e c )  

lb pounds (used t o  denote both pound-force and pound-mass) 

s lg s lugs  (mass u n i t  i n  f t - lb-sec dynamic system of  u n i t s )  

rad rad ians  



1.0 CORRELATION TO LEVEL B 

This  document conta ins  t h e  l e v e l  C sof tware requirements f o r  t he  s t a t e  t r a n s i -  
t i o n  mat r ix  module (STMM). Funct iona l ly ,  t h e  output  of t h e  STMM is t h a t  c a l l e d  
f o r  i n  t he  l e v e l  B requirements ( r e f .  1 ) .  The i n t e r n a l  s t r u c t u r e  and methods of 
computation, however, have undergone major r ev i s ion .  

2.0 GENERAL DESCRIPTION OF STMM 

The STMM computes p a r t i a l  de r iva t ives  of a s p e c i f i e d  veh ic l e  s t a t e  (6 dimension 
M50 Car tes ian  s t a t e )  with respec t  t o  a s p e c i f i e d  anchor s t a t e  (6  + M dimension 
M50 Car tes ian  vector  p lus  M dynamic parameters) .  Dynamic parameters a r e  con- 
s t a n t s  t h a t  appear i n  c e r t a i n  per turb ing  f o r c e  models and t h e r e f o r e  a f f e c t  t h e  
t r a j e c t o r y .  The s o l u t i o n  vector  i n  o r b i t  determinat ion is t h e  ordered set of pa- 
rameters t h a t  a r e  es t imated i n  t h e  d i f f e r e n t i a l  co r r ec t i on  (DC) process.  I n  t h e  
Space S h u t t l e  Ground Navigation Program, t h i s  s e t  c o n s i s t s  of t h e  M50 Car t e s i an  
s t a t e  (veh ic l e  pos i t i on  and ve loc i ty )  a t  anchor time to, t h e  dynamic parameters,  
and r ada r  observat ion b iases .  Since observat ion b i a se s  do not  a f f e c t  t h e  veh ic l e  
t r a j e c t o r y ,  p a r t i a l  de r iva t ives  of t h e  veh ic l e  s t a t e  with respec t  t o  them a r e  
t r i v i a l  and a r e  not  included i n  t h e  STMM computations. 

The so lu t ion  vector  order  i n  t h i s  app l i ca t i on  is a s  fol lows.  

a .  Xo = M50 Car tes ian  state ( p o s i t i o n  and v e l o c i t y )  a t  epoch to 

b. a = ordered set of dynamic parameters. These parameters a r e  l i m i t e d  
t o  t he  components ( i n  veh ic l e  body coord ina tes )  of up t o  t h r e e  s e t s  of  vent 
fo rces  and t h e  drag constant  m u l t i p l i e r .  The defined order  of these  parame- 
t e r s  a r e :  

av1 = {avl ('b),aV1 ('b),avq ('b)} , components of vent-1 f o r c e  i n  
veh ic l e  body coordinates  

0 = drag m u l t i p l i e r  

c. b = ordered s e t  of observat ion b i a se s .  (P rec i se  d e f i n i t i o n  and o rde r  of 
t h i s  not r e l evan t  in  t h e  STW.) 

The t o t a l  number of so lu t ion  vector  parameters is l imi t ed  t o  15. The first s i x  
elements,  Xo, a r e  always presen t  i n  t h e  s o l u t i o n  vector .  The remaining e le -  
ments (up t o  n ine)  a r e  s p e c i f i e d  from the  dynamic parameter and observat ion b i a s  
subse t s ;  however, t h e  r e l a t i v e  order  of t h e  s o l u t i o n  vector  elements remains a s  
def ined above. 

The p a r t i a l  de r iva t ive  mat r ices  computed by t h e  STMM a r e  T ( t , t o )  = ax/axO and 
P ( t  , t o )  = ax/aa where X is t h e  veh ic l e  s t a t e  a t  time t. The STMM output  i s  

the  composite 6X(6+M) matr ix  @ ( t , t o )  ( ~ ( t , t , ) l ~ ( t , t , ) ) .  



The p a r t i a l  de r iva t ive  T  = ax/ax0 may be computed ( t o  a  good approximation) i n  
one s t e p  v i a  a  mean conic re ference  o r b i t  def ined by t h e  endpoint s t a t e s  (Xolto) 
and (X, t )  . The p a r t i a l  de r iva t ive  P = ax/& is more d i f f i c u l t  t o  obta in ,  In  
t h a t  some type of numerical i n t e g r a t i o n  must be performed. 

I n  order  t o  compute these  p a r t i a l  de r iva t ives  i n  t h e  most e f f i c i e n t  manner, t h e  
STMM uses two modes of operat ion.  

a .  Mode 1 is used f o r  6x6 covarianue propagation f o r  d i sp lay ,  and f o r  construc- 
t i o n  of a  p r i o r i  covariance mat r ices  f o r  DC so lu t ions .  

b. Mode 2 is used f o r  propagation of t h e  superbatch (SB) s o l u t i o n  covariance t o  
t h e  SB end-time, and f o r  t h e  computation of measurement p a r t i a l  de r iva t ives  
i n  DC cases .  

Mode 2 opera tes  i n  response t o  c a l l s  from t h e  D i f f e r e n t i a l  Correct ion Module 
(DCM) and t h e  Convergence Processor (CP). Mode 1 opera tes  i n  response t o  c a l l s  
from t h e  Covariance Matrix Processor (CMP). 

The STMM is composed of two major s ec t ions .  

a .  Mean conic states p a r t i a l  de r iva t ive  (mode I) . -  This func t ion  is ca l l ed  with 
two 6-element Car tes ian  s t a t e  vec tors  and t h e i r  epochs X A , t A  and Xg,tB. 
It computes t h e  Car tes ian  state t r a n s i t i o n  mat r ix  T(B,A) = X/B!Xh i n  one 
s t e p  using a mean conic r e f e rence  o r b i t  defined by the  t h e  two Input  s t a t e s .  
This  func t ion  is exercised by t h e  s t a t e  t r a n s i t i o n  i n t e g r a t o r ,  descr ibed 
below, when the  STMM opera tes  i n  mode 2. 

b. S t a t e  t r a n s i t i o n  i n t e g r a t o r  (mode 2).- I n  mode 2 the  STMM output  may contain 
cu r r en t  s t a t e  p a r t i a l  de r iva t ives  with respec t  t o  each of t h e  dynamic parame- 
t e r s  (vent  fo rces  and drag m u l t i p l i e r )  i n  t h e  so lu t ion  vector .  These deriva- 
t i v e s  r e q u i r e  numerical i n t e g r a t i o n  of some form of t h e  s t a t e  v a r i a t i o n a l  
equations. The state t r a n s i t i o n  i n t e g r a t o r  provides a simple numerical i n t e -  
g ra t ion  technique f o r  eva lua t ing  these  de r iva t ives .  

I n  t h i s  mode the  STMM inpu t s  a r e  t he  parameters required t o  i n i t i a l i z e  t h e  
i n t e g r a t i o n .  The i n i t i a l  and f i n a l  s t a t e s  f o r  t he  i n t e g r a t i o n  s t e p  c o n s i s t s  
of a  6 x 6 + M matr ix of p a r t i a l  de r iva t ives  ( ~ ( t , t ~ ) l ~ ( t , t ~ ) )  where 
T = ax/ax0 and P = aX/aCX, with a = (a1  . * '  a ~ )  represent ing  t h e  ordered s e t  
of M dynamic parameters i n  t h e  s o l u t i o n  vector .  

This output is generated by t h e  s t a t e  t r a n s i t i o n  i n t e g r a t o r ,  which computes 
T ( t , t o )  i n  a stepwise fash ion  us ing  the  m u l t i p l i c a t i v e  property of t h e  
Car tes ian  s t a t e  t r a n s i t i o n  matr ix.  

DETAILED FUNCTIONAL REQUIREMENTS FOR THE STMM 

The STMM u t i l i z e s  two modes of opera t ion  t o  s a t i s f y  var ious  user  requirements 
f o r  s t a t e  t r a n s i t i o n  mat r ices .  The requirements f o r  t hese  modes a r e  given i n  
s ec t ions  3.1 and 3.2. 



3.1 MODE 1: MECAN CONIC STATE PARTIAL DERIVATIVES 

The i n p u t s  t o  t h e  STMM i n  t h i s  mode a r e  two M50 Car tes ian  s t a t e s  and t h e i r  
epochs, X , t  and X o , t o .  The output is t h e  6x6 s t a t e  t r a n s i t i o n  matr ix  
T ( t ,  to) = a X / a X o ,  whlch is computed i n  one s t e p  v i a  a mean conic re fe rence  o r b i t  
def ined  from t h e  two endpoint s t a t e s .  This  mode is u t i l i z e d  by the  CMP f o r  sev- 
e r a l  of i ts app l i ca t i ons .  It a l s o  se rves  a s  a subfunct ion f o r  t h e  DC mode ( s ec .  
3.2) of  t he  STMM. 

The computational requirements ( r e f s .  4 and 5)  f o r  ob ta in ing  T ( t , t o )  a r e  i d e n t i -  
c a l  t o  those i n  t h e  OFT Ground Navigation Program, with t h e  computation of  a X / a ~  
removed (p = Earth g r a v i t a t i o n a l  parameter).  Computational requirements a r e  
given here f o r  completeness, but t h i s  does not  imply t h a t  t h e  v e r i f i e d  coding i n  
t h e  OFT program should be a l t e r e d  (except  f o r  t h e  de l e t i on  of aX/a1-I). 

I n  t h e  fol lowing computational requirements,  t h e  input  s t a t e s  a r e  used i n  

t h e  form X = { ~ , k }  , Xo = { ~ ~ , i , } .  

~ , i , t  M50 c a r t e s i a n  s t a t e  a t  t ime t 
Inputs  : 

~ ~ , f i ~ , t ~  M50 c a r t e s i a n  s t a t e  a t  t ime to 

Constants: 1-I = Earth g r a v i t a t i o n a l  parameter 

r = ( R ' R )  'I2 ; ro = ( R ~ ~ R ~ )  I /2 

O 

D = R a R  ; Do = R o s R 0  (Note: Dimension R ,  R ,  R o  and R o  a r e  3x1. ) 

2 x2 = ay2  (Note: X is j u s t  the  n me of a parameter; t h e r e  w i l l  3 be no X. Compute as  x = (aY) Y . )  



Continue u n t i l  lxil 2 I 

2 
C3(m) = 1/31 - X, C5(m) 

c2(rn) = 1/2! - X: Cq(rn) 

Cl(rn) = 1 - X2 c3 (m) m 

co(m) = I - X2 ~ 2 ( m )  m 

If m f 0,  compute 



Perform t h i s  process a t o t a l  of m t imes (decreasing m by one on 
each s t e p )  ( 4 )  



7  8FM30 : X 

g = t - t o - P S 3  (Note: g = r o S 1 + D o $  m a y a l s o b e u s e d . )  ( 7 )  



Assemble t h e  6x6 state t r a n s i t i o n  Mat r ix  f o r  r e t u r n  t o  u s e r .  

Users  of t h i s  f u n c t i o n :  CMP ( a l s o  used by STMM a s  a s u b f u n c t i o n )  

I n p u t s  

X, t , X o , t o  

I n t e r f a c e s  : 

I /F  f u n c t i o n  

System parameters  

I n p u t s  t o  I / F  

Outpu t s  

T ( t ,  t o )  

Outputs  from I / F  

P 



3.2 MODE 2: STATE TRANSITION INTEGRATOR 

This mode of t h e  STMM is exercised by t h e  DCM f o r  cases  i n  which s t a t e  p a r t i a l  
d e r i v a t i v e s  with r e spec t  t o  dynamic parameters may be requi red .  The method of  
computation given here  (s tepwise computation of ax/ axo coupled with a  simple nu- 
mer ica l  i n t e g r a t i o n  f o r  aX/aa) is descr ibed i n  re fe rences  2 and 3. 

3 .2 .1  Computation of S t a t e  T rans i t i on  Matrix 

The DCM w i l l  r eques t  a  s t a t e  t r a n s i t i o n  mat r ix  $ ( t ,  to) = ( ~ ( t , t ~ )  ( ~ ( t ,  t o ) )  
a t  a  s p e c i f i e d  output time t .  I n  order  t o  e f f e c t  t h i s  computation, t h e  DCM 
w i l l  provide s u f f i c i e n t  information t o  i n i t i a l i z e  t h e  STMM a t  an i n i t i a l  time 
tL. The STMM then updates the  i n i t i a l  matr ix  @ ( t  , t o )  ( i n  one computational 
s t e p )  t o  time t, and r e t u r n s  t h e  output  mat r ix  $ 4 t ,  to) t o  t h e  DCM. No vehi- 
c l e  ephemeris is required by t h e  STW f o r  t h i s  computation. The computation pro- 
cedure is a s  fol lows.  

Inpu t s  

a .  X, t = M50 s t a t e  and epoch a t  output  time 

b.  X L ,  tL = I n i t i a l  M50 s t a t e  and epoch 

c.  4 (tL, t o )  = (T( tL, t o )  1 P( tL7 t o ) ) ,  s t a t e  t r a n s i t i o n  mat r ix  a t  i n i t i a l  time tL 

d. Solu t ion  vector  conten t  = I d e n t i f i e s  which dynamic parameters a r e  p re sen t  i n  
t h e  DC s o l u t i o n  ( l e t  M = t o t a l  number of dynamic parameters) 

e .  VNTJ = F l a g ( s )  t h a t  spec i fy  whether J - th  vent is ON o r  OFF ( i f  ven ts  
a r e  included i n  s o l u t i o n )  

V N T j  = ON means J- th  vent is ON (or  tL is the  ON t ime) 

VNTj = CFF means J- th  vent is OFF ( o r  tL is t h e  OFF t ime)  

f .  Link I D  

g .  I n t e g r a t o r  f o r c e  op t ions  ( f o r  determinat ion of drag model) 

The computational s t e p s  a r e  as fol lows.  

a. Compute T ( t , t L )  with mean conic  s t a t e  p a r t i a l  d e r i v a t i v e  func t ion  of sec- 
t i o n  3.1 

T ( t , t L )  Cmpute per s ec t i on  3.1 

b ,  Compute 6x6 c a r t e s i a n  s t a t e  t r a n s i t i o n  mat r ix .  

T ( t , t o )  = T ( t , t L )  T ( t L ? t o )  



c .  Compute t h e  3xM dynamic parameter p a r t i a l  de r iva t ive  mat r ices  v i a  t h e  proce- 
dure of s ec t i on  3.2.2. 

aAL a A t  -- , - Compute per s e c t i o n  3.2.2. ax a s  

d. Compute the  6xM matr ix  P ( t , t L )  using t h e  t rapezoid rule. 

e .  Compute P ( t , t o )  from 

f .  The output of  t h e  6 x  (6 + M) s t a t e  t r a n s i t i o n  mat r ix  is 

(Note: Appendix A g ives  a  b r i e f  o u t l i n e  of t h e  r a t i o n a l e  f o r  t he  compu- 
t a t i o n s  of t h i s  s ec t i on .  ) 

3.2.2 Computation of Accelerat ion P a r t i a l  Der iva t ives  

The computation of t h e  s t a t e  t r a n s i t i o n  matr ix  ( s ec .  3.2.1) r equ i r e s  accelera-  
t i o n  p a r t i a l  de r iva t ive  mat r ices  aA/aa a t  t h e  two endpoints  of t h e  cu r r en t  com- 
pu ta t i on  s t ep .  The procedure f o r  ob ta in ing  these  mat r ices  is  a s  fol lows.  

a .  .Vent p a r t i a l  der iva t ives . -  The procedure f o r  computing t h e  3x3 p a r t i a l  der iva-  
t i v e  matr ices  aA/aaVJ f o r  each vent is a s  follows. For J - th  vent 

1f V N T j  = OFF: aA/aavJ = (0)3x3 

If V N T j  = ON: Compute aA/aaVJ a s  follows: 

From veh ic l e  weight t a b l e ,  ob ta in  



W (  t )  Vehicle mass a t  time t 

F r m  veh ic l e  a t t i t u d e  t a b l e ,  ob t a in  

B ( t )  = Transformation (3x3) from body t o  M50 at t 

From system parameters ob t a in  

l b  e . r . /h r2  
(GVENT) = Conversion f a c t o r  

s l g  f t / s e c 2  

(Typical value is 19.9264496203518 ) 

a A (GVENT) 
- =  B ( t )  

W( t 1 

This  computation ( f o r  each vent)  is performed f o r  t h e  two times tL and t 
requi red  i n  s e c t i o n  3.2.1. 

b. Drag p a r t i a l  der iva t ives . -  The procedure f o r  computing t h e  3x1 p a r t i a l  der iv-  
a t i v e  mat r ix  aA/8aD f o r  t he  drag m u l t i p l i e r  is a s  fol lows.  

Compute t he  value of t h e  b a l l i s t i c  c o e f f i c i e n t  

KD = Link dependent value of drag m u l t i p l i e r  
( l i n k  dependent parameter) 

CD = Nominal value of drag cons tan t  
(system parameter ) 

SA = Reference a r ea  of veh ic le  ( f t )  2 

go = Standard g r a v i t y  ( l b / s l g )  
(system parameter: t y p i c a l  va lue  is  32.174048556) 

W(t) = Vehicle mass ( I b )  



Assemble i n p u t s  required t o  exe rc i s e  dens i ty  module 

-f 

r = ( x , y , ~ ) ~ ,  veh ic le  pos i t i on  (M50) a t  des i red  time t. 

?(SUN) = Solar  pos i t i on  vec tor  (M50) a t  time t obtained from s o l a r  
ephemeris 

From d e n s i t y  module, ob ta in  atmospheric dens i ty  of veh i c l e  at time t 

~ ( t )  = Atmospheric dens i ty  ( slg/ft 3, 

Compute Earth sp in  vector  i n  M50 coordinates  

(RNP)  = Transformation (3x3) from M50 t o  TEI ( s e e  volume X I V  o f  these  re- 
quirements f o r  d e f i n i t i o n )  

we = Earth r a t e  ( r ad /h r )  
(system parameter 

-+ 
From veh ic l e  pos i t i on  and v e l o c i t y  (?, f, i n  M50 a t  time t )  , compute .VAT 
t he  v e l o c i t y  r e l a t i v e  t o  the atmosphere 

Compute drag acce l e r a t i on  

-+ 
Note t h a t  AD is i n  mixed u n i t s ,  but t h a t  t he  p a r t i a l  de r iva t ive  
computed i n  the  next s t e p  w i l l  r e s u l t  i n  t he  proper i n t e r n a l  u n i t s .  

Compute drag  p a r t i a l  de r iva t ive  mat r ix  



a A - = AD* (FEET) 
a a ~  

(FEET) = System parameter i n  u n i t s  o f  ft/E.R. 
6 ( t y p i c a l  value i s  20.92573819 x 10 ) 

c. Construct t he  3xM p a r t i a l  de r iva t ive  matrix (aA/aa) f o r  time t. 
a A a A 

Append the  vent mat r ices  - and t h e  drag mat r ix  - i n  so lu t ion  
aav~ a a ~  

vector  order .  

Example - If t h e  s o l u t i o n  vec tor  content  i d e n t i f i e s  vent  1,  vent 2,  and 
drag as t h e  dynamic parameters i n  t h e  s o l u t i o n  



INTERFACES 

I /F  func t ion  

Vehicle weight t a b l e  

Vehicle a t t i t u d e  t a b l e  

Vehicle p r o f i l e s  
Coe f f i c i en t  o f  d rag  
Var iab le  drag cons tan ts  

So la r  ephemeris 

Density module 

Systems parameters 

Input  t o  func t ion  Output from func t ion  

t W( t> 

t B ( t )  

t ,  drag opt ion CD( t> ,  SA , KD 

$(SUN) 

p ( t >  

p, (GVENT) ,go, (RNP), 

UE, (FEET) 



4.0 INPUTS 

Mode 1 : (u se r  is CMP) . 

X , t  = M50 s t a t e  and epoch a t  des i red  output  time 

X o l t o  = M50 s t a t e  and epoch a t  i n i t i a l  time 

Mode 2 : (user  is DCM o r  CP) 

X , t  = M50 s t a t e  and epoch a t  ou tput  time 

X L l t L  = I n i t i a l  M50 state and epoch 

+(tL, t o )  = [ ~ ( t ~ ,  to) 1 p ( t L ,  to)) , s t a t e  t r a n s i t i o n  mat r ix  a t  i n i t i a l  
t ime tL 

Solu t ion  vector  conten t  = I d e n t i f i e s  which dynamic parameters a r e  pres -  
e n t  i n  the  DC so lu t ion  ( l e t  M = t o t a l  number dynamic parameters) 

VNTJ = Flag ( s )  t h a t  spec i fy  i f  J-th vent  is  ON o r  OFF ( i f  ven ts  a r e  
included i n  s o l u t i o n )  

V N I J  = ON means J-th vent  is  ON (or  tL is  t h e  ON t ime)  

VNTj = OFF means J- th  vent  is OFF ( o r  t~ is the  OFF t ime)  

Link I D  

I n t e g r a t o r  fo rce  op t ions  ( f o r  determinat ion of drag model) 

5 .O OUTPUTS 

Mode 1 : (user  is CMP) . 
T ( t , t o )  = S t a t e  t r a n s i t i o n  matr ix  (6x6) from to t o  t .  

Mode 2: (user  is DCM o r  CP) 

@(t, to) = ( ~ ( t , t ~ )  ( p ( t , t o ) ) ,  s t a t e  t r a n s i t i o n  ma t r ix ,  6  x  ( 6  + M I ,  
from to t o  t .  



6.0 CONSTRAINTS 

A l l  numerical computations i n  t h e  STMM a r e  i n  double prec is ion .  
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APPENDIX A 

STATE TRANSITION QUADRATURE APPROXIMATION 

This  appendix g ives  a b r i e f  d i scuss ion  of  the  methods presented i n  re fe rences  3 
and 4 t h a t  a r e  used i n  t he  s t a t e  t r a n s i t i o n  i n t e g r a t o r  ( s e c .  3 .2) .  

Let X represen t  the  six-dimensional s t a t e  of c a r t e s i a n  pos i t i on  and v e l o c i t y  
elements of  a m a t e r i a l  body t h a t  is sub jec t  t o  known noncentral-body fo rces .  
The equat ions of motion of  t h i s  body have the  gene ra l  form 

Xo = I n i t i a l  condi t ions  a t  time to 

a = Mult iple  of  dynamic parameters t h a t  determine t h e  magnitude of 
noncentral-body forces  a c t i n g  on the  body 

t = Time (independent v a r i a b l e )  

The d i f f e r e n t i a l  equat ion f o r  the  p a r t i a l  d e r i v a t i v e s  ax/ax0 has t he  form 

The d i f f e r e n t i a l  equat ion f o r  the  p a r t i a l  d e r i v a t i v e  of  X with respec t  t o  t h e  
dynamic parameter a has the following form (use chain r u l e  f o r  p a r t i a l  
d e r i v a t i v e s ) .  

a - 1  + a and Xo considered independent ( X o  f i x e d )  
aa to 

a -1 + a and X considered independent ( X  f i xed )  
aa t 



I n  t h e  phys ica l  problems of  i n t e r e s t ,  t h e  s o l u t i o n s  t o  equat ion ( A l l  and equat ion 
(A2) have t h e  t r a n s i t i v e  p rope r t i e s  

a x  a x  3x1 ax -1 = - -1 + -1 
aa to ax, aa to aa t, 

Comparison of equat ion (Al) and equat ion (A2) shows t h a t  equat ion (Al) is  
r e l a t e d  t o  the  homogeneous form of equat ion (A2). This sugges ts  t h a t  a v a r i a t i o n  
of parameters method might be used t o  ob t a in  a s o l u t i o n  t o  equat ion (A2). 

Assume equat ion (A21 has a so lu t ion  of  t he  form 

where Q is the  matr ix  o f  parameters t o  be determined. S u b s t i t u t i o n  of 
t h i s  equa t ion  i n  equat ion (A2) and using equat ion (Al) g ives  

a x  a x  -6 = -1 
a x~ act t 

t ax, a i l  
Q ( t )  =/ - -1 d t ,  

to ax,  act t, 

By us ing  equat ion (A3), t he  so lu t ion  t o  equat ion (A2) is expressed by t h e  
quadra ture  



Note t he  following p rope r t i e s  of t he  integrand i n  equat ion (A5): 

a .  If the  per turb ing  fo rces  (noncentral-body fo rces )  a r e  small ,  a good approxi- 
mation f o r  a x / a X ,  may be computed from a mean conic  re fe rence  def ined by 
the  known endpoint condi t ions ,  X, t and X t ( r e f .  4 and 5 1. 

a x ,  
b. The t e rm -1 has t h e f o r m  

aa t ,  

A 

= -  I;] I 
h 

0 = 3xM zero  mat r ix  

A,  = Vehicle acce l e r a t i on  a t  time t, 

This term is known s i n c e  t he  models f o r  t h e  per turb ing  forces  a r e  known. 

A s tepwise numerical quadra ture  f o r  equat ion (A5) may be devised a s  follows. Let  
t, and tn,l be t he  endpoint t imes i n  equat ion (A5). Trapezoid i n t e g r a t i o n  
y l e l d s  

a xn 
----I -1 d t l  
aa tn-1 tn-, a x ( t t >  aa t ' 

Equations (A31 and (A4) a r e  used t o  express  



a xn axn axn-, 
i -1 = -  

ax, 
----I + -1 

aa to axn-, aa to aa t,,, 

The i n i t i a l  values a t ,  to f o r  t hese  computations a r e  

- = I , 6x6 u n i t  matr ix  

3x0 h 

-1 = 0 , 6xM zero matrix 
aa to 

Equations (A6), (A7), and (A8) a r e  recognized a s  the  key equat ions used i n  sec- 
t i o n  3.2 of t h i s  document. 
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APPENDIX B 

FLOW CHARTS AND INTERFACE TABLES 

B I .  FLOW CHARTS FOR STMM MECHANIZATION 

The flow cha r t s  contained i n  t h i s  appendix presen t  a p a r t i c u l a r  mechanization of 
t h e  func t iona l  requirements given i n  t h e  t e x t .  They a r e  included only a s  an a i d  
t o  a s s i s t  i n  t h e  understanding of t h e  func t iona l  requirements.  This  does no t  
imply t h a t  t h e  mechanization shown is t h e  most e f f i c i e n t  f o r  t h e  real- t ime pro- 
gram. 

~ 2 .  INTERFACE TABLES 

I n t e r f a c e  t a b l e s  f o r  t h e  STMM a r e  a l s o  contained i n  t h i s  appendix. 

The fol lowing a r e  add i t i ona l  no tes .  

B3.  SUPPLEMENTAL NOTES 

a.  Inputs  t o  STMM come from DCM o r  CP a n d ' t h e  output  from STMM is  t h e  s t a t e  
t r a n s i t i o n  matr ix  'IT. Maximum dimension poss ib l e  is 6 by 15. 

b. The B4DATT rou t ine  is defined i n  t h e  l e v e l  B and C requirements f o r  t h e  
f r e e - f l i g h t  p r ed i c to r  and r equ i r e s  an input  a l t i t u d e  t a b l e  t h a t  is formed by 
a preprocessor f o r  t ime po in t s  throughout t he  i n t e g r a t i o n  i n t e r v a l .  The 
output  is t h e  matr ix  t ransformation from body coord ina tes  t o  M50 coord ina tes  
at each i n t e g r a t i o n  time poin t .  

c. I npu t s  t o  TMATRIX a r e  from DCM o r  CP v i a  STMM. They a r e  a s  follows: 

(1) T@BS : Time of observa t ion ,  t 
(2)  TLAST: I n i t i a l  M50 epoch 
(3 )  VECTL: M50 s t a t e  ( i n i t i a 1 ) a t  tL 
4 VECT : M50 s t a t e  a t  output time t 

Output from TMATRX is  t h e  s t a t e  t r a n s i t i o n  mat r ix  obtained by using mean 
conic  p a r t i a l  de r iva t ive  func t ion .  





TABLE B I 1 . -  DEFINITIONS OF CONSTANTS AND FLAGS 

Not a t  ion Def in i t i on  

BTAB Array of a t t i t u d e  information defined chronologica l ly  ( r e f .  8 )  

C D A ( 1 )  Constants f o r  ATTITUDE-DEPENDENT DRAG model f o r  each 
CDF(1) conf igura t ion  
C D N ( 1 )  
CDS(1) I = 1 S h u t t l e  payload bay doors c losed 

N ( I )  I = 2 S h u t t l e  payload bay doors open 

CMU 2 Grav i t a t i ona l  parameter of Earth alone (E  . r . 3/hr ) 

DRAG (KCDA) Flag  t o  spec i fy  atmospheric drag c a l c u l a t i o n  mode ( r e f .  8 )  

Note: The values  a r e  der ived from the  i n t e g r a t o r  fo rce  op t ions .  
The values  of DRAG a r e  a s  follow: 

>O Atti tude-independent drag ( con ta in s  t h e  numerical value 
of t h e  product of t he  drag co r r ec t i on  f a c t o r ,  t h e  coef- 
f i c i e n t  of drag,  and the  cross-sect ion a r ea )  

=O No drag 
CO Attitude-dependent drag; t abu la r  i npu t  c o e f f i c i e n t s  

requi red  

GVENT 

NB IAS 

NVNTSL 

l b  ~ . r . / h r ~  
Conversion f a c t o r  

s l g  f t / s e c 2  

To ta l  number of b i a se s  i n  t he  so lu t ion  vec tor  

Number of vents  i n  t h e  so lu t ion  vec tor ,  can t ake  values 0,  1 ,  2  o r  
3; maximum of t h r e e  vents  is poss ib le  (no drag)  i f  NVNTSL = 0 ,  
then no vents  a r e  solved 

VS$L To ta l  number of parameters i n  t he  s o l u t i o n  vec to r ,  maximum can be 
15 including t h e  b i a se s ,  ven ts ,  drag and s t a t e  

RNP RNP matr ix  is obtained from t h e  system 

DTAB Vehicle weight and conf igura t ion  t a b l e  s p e c i f i e d  chronologica l ly  

IBATT Se t  t o  0  i f  body a t t i t u d e  matr ix  is not needed 
( 1  i f  body a t t i t u d e  matr ix  is t o  be computed 

ISL UDR S e t  t o  0 i f  DRAG-MULTIPLIER is not  i n  s o l u t i o n  vector  
( 1  i f  DRAG-MULTIPLIER is i n  so lu t ion  vector  
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TABLE BII. Concluded 

Nota t ion  



DCM parametera STMM parameterb Unit  Descr ip t ion  

Link I D  Link I D  F lag  I d e n t i f i e ?  DC l i n k  

I n t e r n a l  M50 s t a t e  and epoch a t  
i n i t i a l i z a t i o n  t ime 

+ -% 

R , V , t  X, t I n t e r n a l  M50 s t a t e  and epoch a t  ou tpu t  
time 

@(tL, to) @( tL, t o )  I n t e r n a l  S t a t e  t r a n s i t i o n  matr ix  t h a t  
maps from anchor time ( to) t o  
i n i t i a l i z a t i o n  time (tJA) 

SV FLGS S o l u t i o n v e c t o r  Flag I d e n t i f i e s  wsolve-for"  dynamic 
conten t  parameters and b i a se s  i n  t h e  

s o l u t i o n  vec to r .  

VNT J 

I n t e g r a t o r  
f o r ce  op t i ons  

F lag  Spec i f i e s  whether J t h  vent  i s  
ON o r  OFF f o r  cu r r en t  computa- 
t i o n  

I d e n t i f i e s  drag model 

STMM parameterb DCM parametera Unit Descr ip t ion  

@ ( t  , to) @ ( t  , t o )  I n t e r n a l  S t a t e  t r a n s i t i o n  mat r ix ,  
6x(6+M) where M = number dy- 
namic parameters ,  which maps 
from anchor time (to) t o  cur -  
r e n t  time ( t )  

a ~ e e  t a b l e  I of volume V I I .  
b ~ e e  s ec t i on  3.2 o f  t h i s  document. 

* 
STMM/CP I n t e r f a c e  is  i d e n t i c a l  



! CMP !----*! STMM ! INTERFACE TABLE 
! ! ! ! 

CMP parametera STMM parameterb Unit Descr ip t ion  

' ~ 7  t~ Xo pto I n t e r n a l  M50 s t a t e  and epoch a t  
input  time 

A 9 t~ X 7 t I n t e r n a l  M50 s t a t e  and epoch a t  
output  time 

- 
! ! t o  ! ! 
! STMM !----*! CMP ! INTERFACE TABLE 
! ! ! ! 
I 

STMM parameter CMP parameter Unit Descr ip t ion  

I n t e r n a l  S t a t e  t r a n s i t i o n  matr ix  
(6x6) t h a t  maps from input  
time (to = t E )  t o  output  
time ( t  = tA) 

a ~ e e  sec t ion  3.2.3 o f  volume I X .  
b ~ e e  s e c t i o n  3.1 of t h i s  document. 



! ! t o  ! ! 
! STMM !----*! Vehicle ! INTERFACE TABLE 
! ! ! Charac t e r i s t i c s  ! 

1 ! 

Vehicle 
Cha rac t e r i s t i c s  

STMM parametera parameter Unit Descript ion 

t I n t e r n a l  Time f o r  requi red  parameters 

Link I D  Flag I d e n t i f i e s  veh ic l e  

! ! t o  ! ! 
! Vehicle ! ---- bc! STMM ! INTERFACE TABLE 
! Charac t e r i s t i c s  ! ! ! 
! ! 

Vehicle 
Character i s t i c s  

parameter STMbf parametera Unit Descript ion 

W l b  Vehicle mass 

I n t e r n a l  Transformation matrix ( 3x3 ) 
from vehic le  body axes t o  
M5 0 

( K ~ C ~ S ~ )  f t 2  Product of KD = drag mult i -  
p l i e r ,  CD = drag cons t an t ,  
and SA = veh ic l e  re ference  
a rea  

%ee sec t ion  3.2 o f  t h i s  document. 



!- ! t o  ! ! 
! STMM !----B--! Solar  ! INTERFACE TABLE 
! ! ! Ephemeris ! 

I I 

So la r  
ephemeris 

STMM parameter Unit Descr ip t ion  

I n t e r n a l  Time a t  which s o l a r  pos i t i on  
i s  des i red  

! ! t o  ! ! 
! So la r  !----ys-! STMM ! INTERFACE TABLE 
! Ephemeris ! ! ! 
! ! 

Sol  a r  
ephemeris 
parameter STMM parametera Unit  Descr ip t ion  

-+ 
r(SUN) I n t e r n a l  Solar  pos i t i on  (M50) at 

required time, t 

a ~ e e  s e c t i o n  3.2 of t h i s  document. 



!- ! t o  ! ! 
! STMM !----*! Densi ty  ! INTERFACE TABLE 
! ! ! Module ! 

! ! 

Density 
modul e 

STMY parametera parameter Unit Descr ip t ion  

I n t e r n a l  Time a t  which dens i ty  is 
. requi red  

I n t e r n a l  Vehicle pos i t i on  (M50) a t  
time t 

I n t e r n a l  Solar  pos i t i on  (M50) a t  
t ime t 

! Densi ty  !----m-! STMM ! INTERFACE TABLE 
! module ! 
I ! 

Densi ty  
module 

parameter STMM parameter a Unit Descr ipt ion 

s l g / f t j  Atmospheric dens i ty  of 
veh ic le  a t  time t 

%ee s e c t i o n  3.2 of  t h i s  document. 



! STMM !----w! RTRANS ! INTERFACE TABLE 
! ! ! ! 

STMM parameter RTRANS parameter Unit Descr ip t ion  

t I n t e r n a l  T ime  f o r  which (RNP) is 
des i r ed  

! ! t o  ! ! 
! RTRANS !----*! STMM ! INTERFACE TABLE 

RTRANS parameter STMM parameter Unit Descr ip t ion  

(RNP 1 I n t e r n a l  RNP-matrix for  de s i r ed  time 

a ~ e e  s e c  t i o n  3.2 of  t h i s  document. 



! System !---- *! STMM ! INTERFACE TABLE 
! parameter ! ! ! 
! ! 

System 
parameter STMM parametera Unit Descr ipt ion 

In t ege r  Earth g r a v i t a t i o n a l  parameter 

l b / s l g  .Standard g r a v i t y  

In t ege r  Earth s p i n  r a t e  (mean 
s i d e r e a l )  

1 b w ~ . r . / h r L  
Conversion f a c t o r  

s lg . f t / s ec '  

(FEET) f t / E . r .  Conversion f a c t o r  

aSee s ec t ion  3.2 o f  t h i s  document. 
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Figure 1 .- Flswchart t o  <o?lyutp. I j :, t,>] :,nit st.&: ..::r.ti.+,: ::c?<vltivi ;,Il:ctjc., . 

B-14 



SR + ( ~ * m ' / ~  
- 1 / 2  SRO + (To Ro) 

- - 
VSQ + i i - - 
VOSQ + i i 

C C 

1/SRO) - VSQ - VOSQ) 
P S I  + (ALPHA * (ST - STO) + 

(D  - DO))/  CMU 
X2 + ALPHA * P S I  * P S I  

I N I T I A L I Z E  M AND 
STORE X2 I N  A 

Figure 1.-  Continued. 
P a g e  2 o f  6 
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COMPUTE ~(6), ~ ( 5 ) ,  . . . , C(1) 

REPEAT TOTAL 
OF M CYCLES 
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Figure 1 .- Continued. 
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I 

COMPUTE S1, S2, S 3  

S l  4 C(2)  * P S I  
5 2  + C ( 3  * P S I  ** 2 
s3 + c ( 4 1  * PSI ** 3 

G 
COFiPUTE U, f, f, g, g, AND E l ,  E 2  ,..., E 9  

U + S 2  * (ST - STO) + CMU * 
P S I  ** 5 * (C(5)  - 3.  * 
C (6)) 

F + 1. - CMU * SZISRO 
FDOT + - CMU * S I / ( S R  * SROI 
GDOT + 1. - s 2  * CMUISR 

. 
E l  + - (S1 * CMU * SZ)/(SRO ** 2 )  
E 2  + - (S2 * CMU * SZISRO) 
E 3  + FDOT * S l I S R O  - CMU * S L I ( S R 0  ** 3 )  
E 4  + FDOT * 5 2  

I E 5  + S 2  * CMU * SZ/SR 
E 6 + G * S 2 - U  I I E l  + - FDOT * ( C ( l ) / ( S R  * SRO) t 

l / ( S R  ** 2 )  + 11SRO ** 2 )  I 

/ DO THRU 3 \ 
FOR 
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DELROO 4 RRO 

DELROl 4 RR, 

DRDRO(1, 3) +- - E3 * DELROO(1, J) - E4 * DELROl(1, J) + El * DELROL(1, J) 
+ E2 * DELR03(1, J) + U * DELROG(1, J) + F * A13(1, J) 

DRDRDO(1, J) + - E4 * DELROO(1, J) + E5 * DELRO1 (I, J) + E2 * DELROP(1, 3) 
+ E6 * DELR03(1, J) + G * AI3(I, J) 

DRDDRO(I, J) +- E7 * OELROO(1, J) + E8 * DELRO1 (I, J) + E3 * DELROZ(1, J) 
+ E4 * D E L R O ~ ~ I .  J) + U * DELR04(I, J) + FDOT * A13(I, J) 
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I STORE PARTIALS 121 T I 

Fiqure 1 . - Concluded 



, , xL (SEE ADDITIONAL INPUT LIST) 
IifFJT x, *(tL,t0) 

OUTPUT * ( t ,  to),  tL, XL 

NSOLM6 * NSOL - llBIAS - 6 
TDELTA + t - tL 

I STORE FIRST 5 COLUMNS OF @(tL,  t o )  1 

1 
TMATRX COMPUTE T (t, t L )  USING 

INPUT:t, tL, XL, X MEAN CONIC PARTIAL 
DERIVATIVE FUNCTION 

OUTPUT: T ( t ,  tt ) 

NSOLM6 = NUMBER 
OF DYNAMIC PARAKETER 
(VENT AND DRAG) I N  THE 
SOLUTION VECTOR 

I OBTAIN 'Y t  FROM "TAB AT I t '  / 
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OBTAIN VEHICLE ATTITUDE 
MATR1X.B 

OUTPUT: t , x , B i ~ ~  
INPUT: B 

I THE ATTITUDE DATA, BTAB, I S  OBTAINED 
FOR TIME t. THE INPUTS, (BTAB, X, t )  
ARE SUPPLIED TO BODATT, I?IHICH COt*lPUTES I 

THIS PROCEDURE UTII,IZES THE SYSTEM 
ATTITUDE ARRAY, BTAB (AND ETAB FOR 
PTC-MODE) AND THE COMPUTATION MODULE, 
BODATT 

I THE ATTITUDE MATRIX I 

NOTE: BTA3 AND BODATT 
ARE DEFINED If4 REF. 8 
(OFT ElCC LEVEL B&C 
RCPUIRE"~C~ITS FOR THE FREE 
FLIGHT i'RE3ICTCR) 

I B = TRANSFORl\TION FROI.1 VEliICLE BODY 
COORD. TO 1450 AT t 

NUNTSL = NUMBER 
OF VENTS I N  THE 
SELECTIDt4 VECTOR 
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I SOLAR EPHEMERIS 
INPUT: t 
OUTPUT: ?(SUN) I 

OBTAIN SOLAR POSITION 
VECTOR, ?;(SUN), I N  
M50 AT TIME t. 

INPUT: t, X,  ?(SUN) 
OUTPUT: p 

OBTAIN ATMOSPHERIC DENSITY, p , 
AT THE VEHICLE AT TIME t, FROM 
THE DENSITY MODULE 

1 

I RNP I 
INPUT: t 
OUTPUT: [RNP] 

OBTAIN [RNP] TRANSFORMATION 
MATRIX, VALID FOR TIME t, FROM 
THE SYSTEM. 



COMPUTE GE I N  f;5? w - = EARTH RATE 
' (RAD/HR) 

THE VALUE OF DRAG I S  
DETERMINED FROM THE 
iNTEGRATOR FORCE OPTION 

AREA DRAG 

COMPUTE RELATIVE VELOCITY I N  
VEHICLE BODY COORDINATES 
-5 

v B - ~ l T  TA 
WHERE VB = (VEX, VBy, VBZ) 

r t 
COMPUTE ATTITUDE DEPENDENT DRAG PARAMETER 

PA TAN-' (VBz/VBX) 

B-SIN-' ( V ~ ~ / V M A G J  

cDc *[CDF(I) + CDN(1) I S I N ~ J ~ ( ' ) ]  [l - ~SINBI] 
+ CDS(1) ~S INB~ + CDA(I) 1 ~ 1 ~ 2 8   SIN^^ 

NOTE: I = 1 INDICATES P/L DOORS CLOSED 
I = 2 INDICATES P/L DOORS OPEN 

CDF, CDN, N, CDS, CDA ARE VEHICLE 
DEPENDENT SYSTEM PARAMETERS 



\ CG?IPUTE BFiL ISTIC COEFF. I 

COMPUTE DRAG ACCELERATION I I N  M50 COORDINATES 

v 
1 COMPUTE DRAG PARTIALS 1 

CONSTRUCT THE 6 X I:SOL1!6 MATRIX BY 
APPENDING THE VENT AN DRAG MATRICES 
I N  SOLUTION VECTOR ORDER BY COLUMNS 

NOTE: THE MATRIX 

FROM THE PREVIOUS CALL. 
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COMPUTE THE 6X NSOLMC MATRIX OF 
STATE PARTIAL DERIVATIVES W.R.T. 
THE DYNAMIC PARAMETERS 

P(t,to)-T(tatl.)P(tLstO) + P ( t a t L )  

STORE P ( t , t O )  AS THE LAST NSOLM6 
COLUMNS OF @(t, to) 

@(t,t,) - - P ( t . t O )  
LAST NSOLMC COLUMNS 

U.S. GOVERNMENT PRINTING OFFICE: 1979-671-014/ 22 19 

STORE T ( t , t O ;  AS THE FIRST 6 
COLUMNS OF @(t.tO) 
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